DNA polymerases are used in a plethora of biotechnical applications, especially in the polymerase chain reaction (PCR), genetic cloning procedures, genome sequencing, and diagnostic methods. [1] Highly processive and accurate DNA polymerases are desired for cloning procedures in order to give shorter extension times as well as more robust and highyield amplification. A higher DNA polymerase fidelity may increase the reliability of genome sequencing and diagnostic systems. [2] Amplification of ancient DNA samples requires DNA polymerases with an increased substrate spectrum to efficiently overcome typical DNA lesions. [3] To enhance the efficiency of forensic DNA testing, DNA polymerases resistant to inhibitors from blood and soil allow PCR without prior DNA purification. [4] Further improvements of DNA polymerases are required, for example, to meet the requirements of real-time DNA single-molecule sequencing, which relies on the ability of DNA polymerases to efficiently process modified nucleotides. [5] Overall, customized and artificially engineered DNA polymerases that lead to more robust and specific reaction systems are urgently needed.
Directed evolution holds promise for engineering nucleic acid polymerases with altered properties. [6] Alterations are mainly achieved by directed molecular evolution using genetic complementation and/or screening, phage display, or in vitro compartmentalization. [7] [8] [9] [10] To our knowledge all reported methods for DNA polymerase evolution are restricted to a single enzyme property, for example, increased selectivity or the ability to efficiently process DNA lesions. [7] [8] [9] [10] To overcome these obvious limitations we set out to develop devices that allow the multiplexed screening of several enzyme features in parallel.
Here we report on a chip-based screening format that allows simultaneous and multiplexed profiling of several enzyme features with high throughput. The system is based on the spatial separation of different covalently attached DNA substrates on a glass slide and their selective addressing by oligonucleotide hybridization. Standard microarray equipment is sufficient to conduct and quantify the reactions. The developed method is time and cost efficient, and requires only minimal amounts of reagents.
The principle behind our approach, termed oligonucleotide-addressing enzyme assay (OAEA), is depicted in Figure 1 a. It mainly consists of two spotting steps and an incubation step. In the first step, 5'-NH 2 -(CH 2 ) 6 -modified DNA oligonucleotides are covalently attached in defined rows of spots on phenylenediisothiocyanate-activated glass slides. [11] These oligonucleotides act as primer strands in the DNA polymerase catalyzed reactions. Noteworthy, the slides can be stored at 4 8C for several weeks without compromising their usability. Then, in a second spotting step, enzyme mutants suspended in a buffer, which contains the respective DNA templates, dNTPs, and a biotin-dUTP derivative, are applied. The mixtures are distributed in nanoliter quantities on the same positions as the previously spotted primers. During this procedure the spots dry out. Subsequently the glass slides are incubated in a humidity chamber at % 50 8C, which causes the spots to rehydrate. We found that drying and rehydration had little effect on the activity of the employed DNA polymerase (see below) after independent studies in solution (see the Supporting Information).
Rehydration of the spots creates separate reaction entities in which the respective DNA polymerase mutant is expected to process the primer-template duplexes covered by the respective spot. All reactions on the glass slide are stopped by repeated rinsing with an aqueous detergent solution. In case of primer extension, biotin-dUTP will be incorporated in the respective extended primer strand. A fluorescence signal is generated by incubation with a streptavidin-Alexafluor546 conjugate, which binds to the incorporated biotin (Figure 1 a) .
To first evaluate our approach we investigated whether the depicted microarray system is able to distinguish between active and non-active DNA polymerase mutants. Thus, we first spotted primer strands on the slide that bind to a template (120 nt long) in a fully matched fashion. For screening purposes we used a library of an N-terminalshortened form of the DNA polymerase from Thermus aquaticus (KlenTaq), [12] obtained by error-prone PCR.
The polymerase library was first expressed in E. coli cells distributed in 96-well plates. After expression, cell lysis, and heat denaturation of the host proteins, the crude lysates were mixed with a buffer containing DNA templates, dNTPs, and a biotin-dUTP derivative. The polymerase-containing solutions were spotted such that each enzyme variant covered two of each set of primer spots. Thus, duplicated results under identical conditions were obtained. We estimated the amount of immobilized DNA to be about 100 amol and of each enzyme to be 200-300 amol (for details see the Supporting Information). After incubation, reaction termination, and rinsing, the slides were treated with a solution containing a streptavidin-Alexafluor546 conjugate, rinsed again, and quantified using a standard microarray reader.
We also tested whether fluorescently labeled 2'-deoxynucleoside-5'triphosphates can be used instead of the biotin streptavidine-based approach. Interestingly, we obtained high fluorescence background values resulting from unspecific binding of the modified triphosphate even after extensive washing conditions; thus this approach is not suitable for our purpose.
Next, we randomly chose ten mutants, identified as nonactive, and 10 mutants, identified as active by the formation of fluorescent spots on the microarray, for further characterization (Figure 2 a) . Indeed, in solution the OAEA non-active mutants showed only little primer extension in contrast to the OAEA active mutants, which yielded full-length product (38 nucleotides long, Figure 2 b ). We used a shorter template for primer extension reactions in solution which was in the same sequence context as the one used in screening in order to obtain better resolution in product analysis by gel electrophoresis. The enzymes add an additional nucleotide in nontemplated manner as has been observed for 3'-5'-exonucleasedeficient DNA polymerases before. [13] Thus, the findings in the solution phase are in excellent agreement with the results obtained on the solid phase.
Next, we investigated the simultaneous processing of five different primer-template duplexes by a library of DNA polymerase mutants. We employed a template harboring an abasic site analogue, as abasic sites are known to hinder numerous DNA polymerases. [14] We also tested several different substrates that are mismatched at the 3'-end of the primer including a single terminal mismatch, a single distal mismatch, and one triple mismatch duplex (for detailed DNA sequences see Figure 1 b and the Supporting Information). As a reference, a non-modified fully matched primer-template complex was used. Without further optimization, we screened a small library of 736 KlenTaq mutants with these five primer- Communications 4626 www.angewandte.org template duplexes. Each enzyme-containing entity was spotted with all five primer-template duplexes in duplicate. Generally, for the fully matched case the highest fluorescence intensity was found, as expected. The signal-to-noise ratio of wild-type (wt) KlenTaq with the non-modified primertemplate substrate was consistantly greater than 35:1, whereas for a negative control reaction (n.c.) using a bacterial extract without the KlenTaq gene, no fluorescence was detected (see Figure 2 c,d ). This signal-to-noise ratio exceeds values reported previously in fluorescent-based screening approaches. [8, 15] Extension activities for the other duplex systems like the templates with the basic site, the single terminal mismatch, and the single distal mismatch, were characteristically decreased to values between 15-30 % of the matched case, while for the triple mismatch case values of 3-5 % were observed. We found a broad spectrum of different activities within the screened 736 enzyme mutants. This makes it possible to profile and classify DNA polymerases by specific activity "fingerprints". The most interesting three mutants (m1-m3) were expressed, purified, and further characterized in primer extension reactions in solution (see the Supporting Information).
Mutant m1 showed extraordinary discrimination against mismatches within the primer template construct and showed lower bypass activity for the substrate with the abasic site than the wild-type enzyme did (Figure 3 a) . Sequencing of the mutated gene revealed only a single mutation for m1, namely serine 460 (S460) to proline (P). Interestingly, S460 is located in helix H of the thumb domain of KlenTaq (Figure 3 b) . As a result of the known helix-breaking ability of proline, [17] it can be assumed that the H helix has lost its conformation in the S460P mutant. Interestingly, mutants m2 and m3 showed the opposite behavior and were more efficient at bypassing the abasic site (located at nucleotide position 24) than the wildtype enzyme. Mutants m2 and m3 also showed greater activity in extension reactions with the mismatched than that displayed by either the wild-type enzyme or m1 is observed.
Sequencing these mutants revealed two mutations for m2 (Y455N, V766A) and four mutations for m3 (L359P, R457G, E537G, V586I). Currently it is not known which amino acid exchange contributes most to the observed effects. Nevertheless, interestingly in both the m2 and m3 mutants, as well as the m1 mutant, mutations in the H helix are observed (Figure 3 b) . The H helix does not have direct van der Waals contact with the DNA substrate, but our findings show that mutations at this helix are able to influence the processing of the various substrates.
Interestingly, with our screening approach we can take "fingerprints" of DNA polymerases by direct comparison of their properties in processing different substrates. The findings indicate that the ability of lesion bypass in m2 and m3 is linked to their lower discrimination against mismatches. This is in accord with previously reported results. [8d, 10b] For m1 it appears that this enzyme is in general more discriminatory against aberrant DNA structures such as mismatched primer ends and DNA lesions.
In summary, we have described a new microarray-based approach for DNA polymerase evolution which we term oligonucleotide-addressing enzyme assay (OAEA). First studies have proven the practicability of our approach and identified new DNA polymerase mutants with altered properties. In comparison with other known directed evolution approaches for DNA polymerases, OAEA offers several significant advantages. First, this approach allows the multiplex detection of various DNA polymerase activities in parallel under identical conditions. In addition, in OAEA each reaction can be duplicated readily. These features render OAEA reliable and less prone to false positives and negatives. Furthermore, all steps can be performed by automated pipetting devices, allowing high-throughput analysis requiring only minuscule amounts of reagents. Given the recent advances in microarray fabrication with more than 6 000 000 possible discrete features [18] on one chip, the depicted assay can be extended for the simultaneous ultrahigh-throughput multiplexed screening of extensive libraries with thousands of mutants. Furthermore, other possible applications can be foreseen. As all reactions are separately addressable by single enzyme entities, the method allows for parallel profiling of DNA polymerases from different origins. Additionally, other DNA-modifying enzymes like ligases and endonucleases can Figure 3 . Evaluation of mutants with altered properties identified by OAEA. a) Processing of various DNA substrates in solution by evolved KlenTaq mutants (m1-m3) in comparison to the wild-type enzyme. All reactions were performed with identical reaction buffer and dNTP concentrations (100 mm each). Enzyme concentrations and incubation times: for matched, terminal, and distal mismatched: 1 nm, 15 min; for triple mismatched and abasic site template: 50 nm, 60 min. In the latter two cases higher enzyme concentrations and prolonged incubation times were required to promote extension of the more aberrant DNA complexes. For more experimental details see the Supporting Information. M: marker, reaction without enzyme. b) Mutations in the evolved KlenTaq DNA polymerases m1 (red), m2 (green), and m3 (blue) are mapped on a ribbon representation of KlenTaq (PDB code: 1QSS). [16] The inset highlights the H helix with the observed mutation sites from m1-m3.
